Abstract
Introduction 56
The Caliciviridae family includes a number of significant enteric viruses that 57 cause gastroenteritis in humans and animals. Examples of these viruses include human 58 norovirus (NoV), human sapovirus, and the newly discovered monkey calicivirus (Tulane 59 virus, TV) (15, 16). Human NoV is the leading cause of nonbacterial gastroenteritis 60 worldwide, contributing to over 95% of all non-bacterial acute gastroenteritis each year, 61 and more than 60% of all foodborne illnesses reported annually (43). The virus is highly 62 contiguous, resistant to commercially used disinfectants, and has a low infectious dose (2, 63 29, 49). However, human NoV remains difficult to study because it cannot be grown in 64 cell culture and it lacks a small animal model (14, 44). Furthermore, there is no vaccine 65 or antiviral drug against this virus (33, 47) . Currently, human NoV is classified as a 66 separately from shoots and roots for each plant (Fig.1) . A physical barrier was installed to 209 separate shoots from roots. The shoot is the inch portion connected to the roots and 210 directly above the physical barrier. The samples were homogenized by freezing with 211 liquid nitrogen and grinding with a mortar and pestle. Homogenized tissue was 212 resuspended in 5 ml phosphate buffered saline (PBS, pH 7.0). Sample homogenates were 213 centrifuged at 1000 × g to remove cellular debris and the virus containing supernatant 214 was transferred to a new collection tube for viral enumeration by plaque assay. At days 215 viral titer by plaque assay. Where indicated, the harvested plant tissues were treated with 217 1000 ppm of sodium hypochlorite (pH 10.0), which were prepared from chlorine bleach 218 containing 6% sodium hypochlorite. The purpose of this treatment is to inactivate any 219 virus that may present on the surface of plant tissues. For chlorine treated samples, 220 following harvest each tissue was submerged in a 50 ml conical tube containing 1000 221 ppm chlorine and incubated at room temperature for 5 min. After chlorine wash, samples 222 were placed in a new 50 ml tube containing tap water and submerged for 5 min with 223 gentile agitation. Following tap water wash, samples were placed in a 50 ml tube 224 containing 0.25 M sodium thiosulfate to neutralize residual chlorine. All solutions were 225 changed between samples to maintain the oxidation potential of the chlorine solution. 226
Samples were then homogenized and processed as described above. For human NoV, the 227 feed water was inoculated to a starting concentration of 1×10 6 RNA copies/ml, while 228 controls received no inoculums. Sample collection methods were the same as above. 229
Quantification of viral genomic RNA was executed using RT-qPCR. 
hydroponically. 289
The TV feed water in the reservoir for Romaine lettuce hydroponic growth had a 290 starting titer of 1.25 ×10 6 PFU/ml. To prevent contamination, the leaves, shoots, and 291 roots of lettuce were harvested separately at days 0, 1, 2, 3, 7, and 14 after viral 292 inoculation ( Fig.1 ). The kinetics of the internalization and dissemination of TV was 293 monitored. TV was detected in leaves as soon as day 1 post-inoculation with an average 294 titer of 5.7 PFU/g. The viral titer in the leaves gradually increased through day 14 (Fig.  295 2). At day 7 post-inoculation, the viral titer reached 9.8 × 10 5 PFU/g, which was 296 significantly higher than days 1, 2, and 3 ( Fig. 2) . The TV titer in the leaves on day 14 297 was 6.3 ×10 5 , which was comparable to day 7 (Fig. 2) . Similarly, infectious TV was also 298 detected in the shoots on all days tested, with a viral titer in the shoots of 7.8 ×10 3 PFU/g 299 on day 1 (Fig. 2) . The viral titer gradually increased and reached a peak titer of 2.4×10 6 300 PFU/g on day 7. The TV titer in the shoots on day 14 was 1.3×10 6 , which was a slight 301 decrease compared to day 7 (P>0.05). During the experimental period, the viral titer in 302 shoots was significantly higher than that in leaves (P<0.05). As expected, TV was 303 detected in lettuce roots since they were in direct contact with virus-contaminated feed 304 water. On day 1, the titer in roots was 1.5×10 5 PFU/g, and increased in titer until day 14 305 (Fig.2) . The TV titer in the roots on day 7 and 14 was 1.2×10
6 PFU/g and 1.0×10 6 306 PFU/g, respectively, and the viral titer in shoots at day 7 was higher than that found in 307 roots (P<0.05). These results suggest that TV efficiently attached to roots, internalized in 308 on October 16, 2017 by guest http://aem.asm.org/ Downloaded from roots, and disseminated into shoots and leaves of the lettuce. Concurrently, the titer of 309 the feed water was also monitored each day until the plants were harvested. Consistent 310 with the increasing viral titer in lettuce, the titer of the TV in the feed water gradually 311 decreased during the experimental period. On days 1, 2, 3, 7, and 14, the titer of the feed 312 water was 3.75 ×10 5 , 7.5×10 5 , 3.5 ×10 4 , 7.5×10 4 , and 5.0×10 3 PFU/ml, respectively. To 313 further confirm that the decreasing titer in feed water was due to internalization via roots 314
and not to the instability of TV in feed water, TV was diluted in feed water (without 315 lettuce) and viral titer was monitored until day 14. TV was found to be highly stable in 316 the feed water alone over the 14 day period with no significant reduction in viral titer 317 (data not shown). Taken together, these results suggest that TV was internalized via roots 318 and disseminated to shoot and leaf portion of the plants. 
hydroponically. 340
The kinetics of MNV-1 internalization in lettuce was also determined. The 341 starting titer (day 0) of MNV-1 feed water in the reservoir for hydroponically grown 342
Romaine lettuce was 2.5×10 6 PFU/ml. The experimental design was identical to that 343 described above. Fig.4 shows the dynamics of MNV-1 titer in leaves, shoots, roots, and 344 feed water. In leaf tissues, MNV-1 was detected on days 1, 2, 3, 7, and 14 using plaque 345 assays. On day 1, the viral titer detected in the leaves was 5.9×10
1 PFU/g and increased 346 to 3.3×10 5 PFU/g on day 3, and remained at this level for the duration of the study 347 (Fig.4) . Similarly, all shoots harvested from days 1 to 14 were positive for infectious 348 MNV-1. On day 1, 5.9×10
1 PFU/g of MNV-1 was detected in the shoots and increased 349 until day 3 to 3.3×10 5 PFU/g, and again the level of virus detected in the shoots remained 350 stable until day 14 (Fig. 4) . All plaque assay results for roots were positive. MNV-1 was 351 detected in the roots on day 1 at 6.5×10 3 PFU/g and increased until day 3 to reach a titer 352 of 2.5×10 5 PFU/g, and the MNV-1 titer was maintained in the roots until day 14 (Fig. 4) . 6 PFU/ml. On day 1, the titer decreased to 2.5×10 5 PFU/ml and on day 2, the 355 titer was further decreased to 2.5×10 4 PFU/ml, and maintained similar titer until day 14 356 (Fig. 4) . As a control, MNV-1 titer was not significantly decreased in feed water without 357 lettuce (data not shown). This result indicates that the decreasing titer in feed water of 358 growing lettuce was due to the internalization of MNV-1 via roots of lettuce, and not to 359 the instability of MNV-1 in feed water. The starting titer of the feed water of both TV 360 and MNV-1 was comparable. However, there was a significantly higher titer of TV 361 detected in the roots on days 1, 7, and 14 compared to MNV-1 titer in roots. The TV titer 362 detected in the shoots on days 7 and 14 was also significantly higher than the MNV-1 363 titer detected in shoots. However, the TV titer in the leaves was only significantly higher 364 than MNV-1 on day 7. These results indicate that TV was more efficient in attachment, 365 internalization, and dissemination in lettuce than MNV-1. 366
367
Internalization and dissemination of human NoV in Romaine lettuce grown 368
hydroponically. 369
To determine the rate of human NoV internalization, Romaine lettuce was grown 370 hydroponically and the feed water source was inoculated with human NoV GII.4 isolate 371 5M at a starting titer of 2.9×10 6 RNA copies/ml. The experimental design and 372 procedures were identical as described above. The kinetics of viral RNA in leaf, shoot, 373 root, and feed water was quantified by real-time RT-PCR. A high level of human NoV 374 RNA (6.9×10 5 RNA copies/g) was detected in the leaf tissue of the lettuce on day 1 post 375 inoculation and the human NoV RNA detected in the leaves remained stable over the 14 376 day study period (Fig. 5) . Human NoV RNA was also detected in the shoots of lettuce 377 on October 16, 2017 by guest http://aem.asm.org/ Downloaded from on day 1 post inoculation at a titer of 2.1×10 6 RNA copies/g (Fig. 5) , which was 378 significantly higher than that in leaves (P<0.05). Similarly, the RNA copies detected in 379 the shoots remained stable over the study period to a final titer of 4.4×10 5 RNA copies/g 380 on day 14 (Fig. 5) . Root samples were also positive for human NoV RNA on day 1 post 381 inoculation with a titer of 3.9×10
5 RNA copies/g (Fig. 5) . The human NoV RNA 382 detected in the roots reached a peak titer (3.15×10 6 RNA copies/g) at day 3 post-383 inoculation and decreased to 1.95×10 4 RNA copies/g on day 14. The human NoV RNA 384 copies present in the feed water gradually decreased to a final titer of 1.8×10 5 RNA 385 copies/mL on day 14 (Fig. 5) . These results demonstrated that human NoV was 386 efficiently internalized and disseminated in lettuce grown hydroponically. 387 388 Subsequently, we compared the internalization rate between human NoV and 389 Tulane virus. Tulane virus was quantified by both plaque assay and real time RT-PCR. 390
As shown in Fig. 6 , Tulane virus RNA was detected at a high titer in the leaves (1.9×10 6 391 RNA copies/g) on day 1 post inoculation and remained stable over the 14 day study 392 period. Similarly, the RNA detected in the shoots was also detected at day 1 post 393 inoculation at a titer of 1.2×10 6 RNA copies/g (Fig. 6) . The TV RNA detected in the 394 shoots also remained stable over the 14 day study period, with no significant change in 395 the RNA detected throughout the study (P>0.05). TV RNA was also detected in the roots 396 of lettuce on day 1 post inoculation at a titer of 3.2×10 6 RNA copies/g (Fig. 6) . The RNA 397 titer found in the roots remained stable over the 14 day study period, and was similar to 398 the results obtained for RNA copy in the leaf and shoot tissue. Tulane virus RNA copies 399 on October 16, 2017 by guest http://aem.asm.org/ Downloaded from present in the feed water gradually decreased to a final titer of 1.8×10 5 RNA copies/ml on 400 day 14 (Fig. 6) copies/g) was detected in leaves and shoots at days 1 and 2 post inoculation using real-406 time RT-PCR (Fig.6 ), compared to a relatively low level of infectious viral particles (1-3 407 log PFU/g) in leaves and shoots at days 1 and 2 using plaque assay (Fig.2) . It was 408 hypothesized that there may be noninfectious viral particles or naked RNA present in 409 leaves and shoots at days 1 and 2. To address this possibility, we treated all of the 410 samples with 5 µg of RNase A in order to degrade any exogenous RNA before RNA 411 extraction, and viral RNA were quantified by real-time RT-PCR. In all day 1 samples 412 tested there was an approximately 2.5 log reduction in the amount of Tulane virus RNA 413 detected in the roots after RNase treatment, compared to samples which were not treated 414 with RNase (Fig.7A) . Also, day 1 shoots treated with RNase had approximately 1.3 log 415 reduction in viral RNA compared to untreated sample (Fig.7B) . In plant tissues on other 416 days, there was a 1 log reduction or less in RNA detected due to treatment with RNase 417 (Fig.7A-C) . This indicates that some naked viral RNA was present in plant tissues which 418 were degraded by RNase treatment. It is likely that the naked viral RNA originated from 419 virus particles damaged within the plant tissues. 420
To determine whether the amount of human NoV RNA detectable in lettuce 422 samples was affected by pre-treatment with RNase, the same RNase treatment used on 423
Tulane virus lettuce samples was applied to human NoV samples. In contrast to TV, pre-424 treatment with RNase did not have a significant effect on the amount of human NoV 425
RNA that was detected in day 1 root lettuce samples (Fig.8A) . There was an 426 approximate 1 log reduction in the viral RNA detected in shoots after treatment with 427 RNase (Fig.8B) . In both TV and human NoV, there was not a reduction in the RNA 428 detected in the leaf tissue on day 1 due to treatment with RNase ( Fig.7C and Fig.8C ). 429
The RNase treatment reduced the amount of viral RNA detected in plant tissues by 430 approximately 0.5-1.5 log on all other study days (Fig.8A-C) . in sewage-contaminated soil or water, it may also be taken into the plant through the 475 roots. Once viruses are internalized, it would be significantly more challenging to 476 eliminate them, since traditional sanitation measures usually target the pathogens on the 477 surface of fresh produce (13, 29, 54). Of further concern is that these internalized viruses 478 can potentially survive for long periods (weeks to months) in fresh produce since human 479
NoV is highly stable in the environment (2, 12, 13). Development of food processing 480 technologies such as irradiation and high pressure processing may be necessary to 481 eliminate viral hazards from produce (13, 19, 31, 45) . 482
During either the pre-harvest, or field growing stage of produce production, the 483 use of irrigation water contaminated with norovirus poses the most significant risk in 484 disseminating disease. Agriculture is responsible for the largest usage of freshwater 485 worldwide and about 70% of this usage is for irrigation. Nearly 17% of all cropland is 486 irrigated, which equates to one third of the world wide food supply being exposed to 487 irrigation water (6, 27). The use of feces or fecally contaminated irrigation water has 488 been shown to play a role in spreading enteric microorganisms (1, 6, 10, 54). NoV in lettuce (52). However, no viral RNA was detected in leaves when lettuce was 505 grown hydroponically or in soil after challenge with a high level (10 6-7 RNA copies/ml) 506 of human NoV. In contrast, we found that high level of human NoV RNA was detected at 507 day 1 and was persistent in roots, shoots, and leaves at least for 14 days when the roots 508 were challenged with a 10 6 RNA copies/ml of human NoV. Several factors may be 509 responsible for this apparent discrepancy. One possibility is that variations in the 510 experimental conditions between studies, such as, environmental growth conditions, the 511 type of lettuce tested, viral strain, and the amount of viral inoculum. In our study, we 512 used Romaine lettuce whereas Rapid lettuce was used in Urbanucci's study (52). It is 513 known that environmental factors (such as temperature and relative humidity conditions) 514 affect transpiration rate of the lettuce which may have a significant effect on viral 515 internalization and dissemination. In our experiments, the plants were grown at 20 o C at 516 relative humidity of 40% but, the growth conditions were not reported in Urbanucci's 517 study (52). Thus, we cannot directly compare if these environmental factors contributed 518 to the different results. Plant transpiration rate increases as the relative humidity of the 519 air decreases, and this increase in transpiration seems to correlate to an increase in viral 520 internalization and dissemination. For example, Wei et al., (2011) showed a significant 521 increase in MNV-1 internalization in lettuce when the relative humidity was 80% 522 compared to 95% (55). In our study, we decreased the relative humidity to 40%, and the 523 dissemination of MNV-1 to leaves was increased to 4-5 log PFU/g (Fig.3) HBGA-like molecules which exist in fresh produce (such as lettuce, blueberries, and 538 strawberries) (20, 51) . In fact, with some carbohydrate moieties, the analogues of human 539
NoV receptors, such as glucose and glycan, are highly abundant in vegetables and fruits. 540
It is possible that these HBGA-like molecules may play a role in viral attachment, 541 internalization, and dissemination. A recent study by Esseili et al. (2012) , demonstrated 542 that human NoV GII.4 virus-like particles (VLPs) bound to the cell wall material of 543 young and old leaves, the green leaf lamina, and also the principle vein of Romaine 544 lettuce (16) . This binding was found to be strongest in the cell wall material of old leaves 545 and the green leaf lamina, compared to other plant tissues tested. This was believed to be 546 due to the fact that the cell walls of older leaves are more complex and contain a higher 547 carbohydrate concentration (16) . To further demonstrate that the human NoV VLPs were 548 binding to carbohydrates, sodium periodate treatment was used to oxidize carbohydrates 549 in the cell wall extract and this treatment significantly reduced the binding efficiency of 550 the human NoV VLPs (16) . The fact that human NoV GII.4 VLPs have been shown to 551 attach specifically to carbohydrates found in Romaine lettuce may explain the high 552 amount of bioaccumulation of human NoV GII.4 RNA observed in our study. This 553 possibility is further supported by the fact that that HBGA-like receptors exist in 554 gastrointestinal epithelial cells of oysters, mussels, and clams which are also a high risk 555 food for human NoV contamination (34, 50). These HBGA-like receptors were shown to 556 play an essential role in bioaccumulation of human NoV in oysters, mussels, and clams 557 our study, we also demonstrated that human NoV and TV have similar efficiency in 560 internalization and dissemination in lettuce (Fig. 5) under the same experimental 561 conditions, whereas TV appears to have a much higher internalization rate than MNV-1 562 (Fig. 2 and 4) . The difference in internalization kinetics may also be related to the 563 properties of each virus such as surface structure, receptor binding affinity, and charge. 564
A recent study has shown that TV also binds to HBGAs, the functional receptor of human 565 RT-PCR is that it cannot discriminate infectious and noninfectious viral particles. Thus, 571 one may argue that the high level of RNA copies detected in lettuce may due to the 572 presence of naked human NoV RNA, rather than infectious viral particles. To rule out 573 that possibility, all samples were treated with RNase to degrade naked viral RNA, 574 followed by RNA extraction and real-time RT-PCR. RNase treatment decreased 0.5-1.5 575 log of human NoV RNA copies in lettuce tissue from days 2 to 14, suggesting that naked 576 human NoV RNA is present in these samples which may come from damaged human 577
NoV particles. Interestingly, high levels of TV RNA were detected in leaves and shoots 578 at days 1 and 2 by real-time RT-PCR (Fig.6) whereas, low levels of infectious viral 579 particles were isolated from leaves and shoots at days 1 and 2 using plaque assay (Fig.2) . 580
After RNase treatment, there was an approximately 2.5 log reduction in the amount of 581 TV RNA in shoots (Fig.7B) . In leaves harvested on day 1, there is 2.5 × 10 4 RNA 582 on October 16, 2017 by guest http://aem.asm.org/ Downloaded from copies/g were detected by real-time RT-PCR (Fig.6 ) whereas less than 1 log virus 583 detected by plaque assay (Fig.2) . Interestingly, RNase treatment did not decrease viral 584 RNA copies (P>0.05), suggesting that some noninfectious particles, but not naked viral 585 RNA may present in leaves. A similar phenomenon was observed by Wei et al., (55) . 586 They found that a high level of MNV-1 RNA copies in lettuce was detected by real-time 587
RT-PCR whereas no infectious MNV-1 was detected by plaque assay. It is likely that 588 these viral particles were damaged and noninfectious whereas viral genome RNA 589 persisted in the lettuce tissues. Although plants lack an immune system comparable to 590 animals, they have developed an array of structural, chemical, enzyme, and protein-based 591 defenses designed to detect and inactivate invading organisms (11, 39). It is possible that 592 different viruses may have different stability against these plant defense systems. 593 Therefore, the data generated from human NoV may be more useful compared to data 594 generated from the use of surrogate viruses. 595
596
In summary, our study elucidates a major gap in our understanding of ecology of 597 human NoV in fresh produce, specifically, our understanding of the fate of human NoV 598 after attaching to roots of growing lettuce. Dissection of the mechanism of virus-plant 599 interaction will facilitate the development of novel interventions to prevent viral 600 attachment and internalization in plants. 
